Introduction
Regulation of gene expression is one of the fundamental mechanisms by which cells utilize the information in their DNA to obtain diverse characteristics, such as ability of differentiated cells to play specific roles and ability to respond to extracellular stresses including ionizing radiation (IR). The research on transcriptional regulation of genes after exposure to IR has a long history tracing back to early studies in late 1980's. In those studies, expression of individual genes was separately measured by a classical hybridization method. Recently, however, functional genomics approaches, such as microarray profiling, enable us to simultaneously monitor the expression of thousands of genes, and are now recognized as a firmly established methodology in radiation biosciences. The porpose of investigation of transcriptional gene regulation by IR is primarily to gain an insight into how the human bodies respond to IR and eventually how radiation hazards develop. IR-induced hematopoietic death is an example where proapoptotic gene expression is enhanced in radiosensitive hematopoietic stem cells after exposure to high doses of IR, which causes untolerable loss of peripheral blood cells, ultimately resulting in the individual death. Secondary, the purpose of the reserach on transcriptional gene regulation is to search for biomarkers which indicate the quantitative IR-exposure records. Such biomarkers may help us estimate the exposed dose of public peolpe in the emergency cases. For these purposes, studies have been extensively carried out by lots of researchers, and plenty of insights were obtained. In this review article, some of these studies, including those carried out in our laboratory, will be overviewed with an emphasis on the important roles of a tumor supressor p53 in transcriptional regulation after IR exposure and organ-dependence of transcriptional regulation in vivo. Methodology for the research on transcriptional regulation is also briefly touched. And the future perspectives of the research on transcriptional responses to IR will be discussed.
Studies with bacteria and yeasts
The SOS response is a well known bacterial response to DNA damage (d'Ari, 1985) . There is a group of bacterial genes called SOS genes which are induced by severe DNA damages causing stoppage of DNA synthesis. The SOS genes play roles in DNA repair, cell cycle arrest and mutagenesis. Under normal growth conditions, the SOS genes are negatively regulated by
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LexA repressor protein by binding to a 20 bp consensus sequence (the SOS box) in the operator region for the SOS genes. RecA, one of the SOS gene products, is expressed at certain levels even in the repressed state, because of the low affinity of LexA to its SOS box. When DNA damages are produced, DNA polymerase is blocked at the damages, generating single stranded (ssDNA) regions at replication forks. RecA forms a filament around the ssDNA regions, and becomes activated. The activated RecA facilitates dissociation of the LexA repressor from the operator. Then the SOS genes are transcriptionarily activated (Figure 1) . First, the genes having SOS box with a lower affinity to LexA repressor protein (such as lexA, recA, uvrA, uvrB, and uvrD) are fully induced in response to mild DNA damages. Thus the first SOS repair mechanism to be induced is nucleotide excision repair (NER). However, if NER is not capable of fixing the damage, the LexA is further inactivated, so the transcription of genes containing SOS box with a stronger affinity to LexA (such as sulA, umuD, umuC -these are expressed late) is induced. SulA binds to FtsZ causing aborted cell division, which results in filamentation and the induction of UmuDC-dependent mutagenic repair. Regulation of the SOS genes is utilized to detect the environmental mutagen and carcinogens (Oda et al., 1985) . The umu-test is based on the ability of the DNA-damaging agents, most of which are potential carcinogens, to induce the umu operon. A bacterial strain containing a fusion gene of umuC and lacZ can be used to monitor the levels of umu operon expression by measuring the -galactosidase activity. Using this strain, a wide range of environmental mutagens and carcinogens were shown to be inexpensively and sensitively screened. 
Methodology in research on transcriptional regulation in mammalian cells

Nuclear run-on analysis
Transcriptional activity of a gene is usually measured, as an amount transcription products (mRNA), by Northern blot analysis. However, mRNA level does not necessarily represent the transcription rate accurately. Instead, a nuclear run-on assay is performed to measure the transcription rate at a certain time point, which often differ from steady state mRNA levels revealed by Northern blot analysis. It is believed that the nuclear run-on assay is the most reliable method to measure transcription rates directly. Fig. 2 . Schematic illustration of the nuclear run-on assay.
As illustrated in Figure 2 , the cell nuclei are isolated rapidly, and incubated in a short period of time in the presence of radio-labelled nucleotides, and the transcribed products are hybridized to a slot-blotted cDNA of interested genes.
Reporter gene analysis
Reporter genes are the genes that confer the cells characteristics easily identified and measured. In order to investigate the promoter activity, the researchers often attach reporter genes to a DNA fragment containing regulatory elements, and introduce them into cultured cells. The promoter activity can be measured by signal intensity produced by reporter genes as shown in Figure 3 . 
DNase I footprinting assay
A DNase I footprinting assay is a molecular biological technique by which DNA-protein interaction can be detected and located using the fact that a DNA region bound to proteins is often protected from enzymatic cleavage ( Figure 5 ). The method uses an enzyme, deoxyribonuclease I(DNnase I, for short) to cut the radioactively end-labeled DNA, followed by gel electrophoresis to detect the resulting cleavage pattern. 
Chromatin immunoprecipitation assay
Chromatin Immunoprecipitation (ChIP) is a technique used to investigate the interaction between proteins and DNA in the cell, especially to determine whether specific proteins are interacted with specific genomic regions. It is applicable to investigate interaction of TFs with promoters in vivo. Protein and genomic DNA are temporarily crosslinked in vivo, and the DNA-protein complexes are fragmented by shear stresses as illustrated in Figure 6 . Then the DNA fragments associated with the proteins of interest are selectively immunoprecipitated by using antibodies specific to those proteins. The associated DNA fragments are purified and their sequence is determined. 
p53-mediated regulation of gene transcription after IR in cultured cells
Systematic studies on transcriptional regulation of mammalian genes have started in late 1980's. The representative studies were performed by Fornace and his colleagues (Fornace et al., 1988 , Fornace et al., 1989 . They screened a cDNA library for UV-induced genes by use of a hybridization subtraction method to obtain 20 differentially expressed genes including unidentified at that time. Some of these genes were co-ordinately regulated by DNA damaging agents and growth arrest signals, and were therefore called as gadd (growth arrest and DNA damage responsive) genes. The most widely characterized of these genes is GADD45A. The increase in GADD45A protein levels is correlated with a block in S phase progression as well as a stimulation of DNA repair (Smith, et al., 1994 , Chan, et al., 1995 , Zhan, et al., 1994 . GADD45A gene was soon shown to respond to IR through a tumor supressor p53. The function of p53 in DNA damage responses was vigorously investigated at that time, and its pivotal roles as the guardian of the genome was established (Fei & ElDeiry, 2003) . P53 functions primarily as a TF, and has been shown to be involved in multiple cellular pathways including cell cycle arrest, apoptosis, DNA repair, and so on, by controling many other genes. CDKN1A (p21 CIP1/WAF1 ) gene is another member of gadd genes which was identified among 20 clones originally isolated by cDNA subtraction. CDKN1A gene is induced after exposure to IR also through p53, and inhibits the cycln dependent kinase activity resulting in arrest of cell cycle progression at G1/S border (Hartwell & Weinert, 1989) . Although both of GADD45A and CDKN1A were clearly demonstrated to be regulated through p53, involvement of other TFs has not been investigated. Elucidation of a set of TFs involved in gene regulation after IR should be pivotal for understanding of delicate mechanisms for biological responses to IR which include variety of cellular pathways. In the following sections, researches performed in our laboratory on regulation mechanisms for the GADD45A and CDKN1A genes are reviewed.
Regulation GADD45A gene
In human cells, GADD45A is up-regulated in response to IR. Figure 7 is a Northern blot analysis for induction of the GADD45A gene expression in human breast adenocarcinoma cell line MCF7 after exposure to IR. The induction was transient with the maximum induction at 2 h after irradiation. To search for the DNA element functioning in transcriptional regulation of the GADD45A gene, a series of reporter gene constructs were designed. As the p53 recognition sequence was known to reside in the third intron, the third intron was fused to the 3' end of the luciferase gene (luc +) ( Figure 8A ). MCF-7 cells were transiently transfected with these constructs, and luciferase activity was measured after treatment with or without X-rays. As shown in Figure 8B , constructs P/I through P6/I gave rise to a similar level of the basal luciferase activity, suggesting that there was no major DNA element functioning in transcriptional activity in the -2244 bp/-107 bp region. However, when the 5' flanking region was truncated to -62 bp in P7/I, the luciferase activity was drastically decreased, suggesting that a regulatory element required for the basal expression of the GADD45A gene was present in the region between -107 bp and -62 bp. There were two OCT sites and one CCAAT box in this region ( Figure 8A ). It was thought that these OCT and CCAAT elements functioned as the core promoter because a canonical TATA sequences could not be f o u n d . I t c a n b e s e e n , i n F i g u r e 8 C , t h a t f o l d -i n d u c t i o n o f l u c i f e r a s e e x p r e s s i o n a f t e r irradiation with 10 Gy of X-rays was not reduced even when the 5'-flanking region was deleted down to -39 bp. This result indicated the absence of major regulatory elements functioning in response to IR in the upstream region of the GADD45A gene. When the region +1747 bp/+2488 bp in the third intron was deleted, the luciferase activity was not so much reduced. However, when the region +1625 bp/+2488 bp was deleted, the luciferase activity was decreased dramatically (data not shown), suggesting the presence of a DNA element, in +1625/+1746, that plays a role in the basal expression of the GADD45A gene. As AP-1 recognition element existed at the locus +1625 bp/+1631 bp, we constructed another reporter gene experiment with a plasmid (P6/I AP-1m) in which the AP-1 recognition sequence was mutated ( Figure 9A ). As shown in Figure 9B , the basal luciferase expression from P6/I AP-1m was drastically reduced compared with P6/I which contains wild type AP1 sequence. This result demonstrate the important role of AP-1. Deletion of the p53 site (P6/I p53∆) also resulted in reduction of basal luciferase activity compared to that of the P6/I construct. Then it was suggested that both the AP-1 and p53 sites in the third intron of the GADD45A gene are critical for the basal expression. Concerning IR responsiveness, Figure 9C shows that deletion of the p53 site (P6/I p53∆) diminished IR-response, while fold induction for the construct containing the mutated AP-1 site (P6/I AP-1m) was reduced, suggesting that the AP-1 site contributes to a part of p53-dependent transcriptional activation of the GADD45A gene after exposure to IR. It was speculated that transiently transfected plasmid DNAs may not form tight chromatin complexes. Then, we used the recombinant adeno-associated virus (rAAV) vectors, which can stably integrate reporter genes into the genome of host cells. As a result, a remarkably higher fold-induction of luciferase expression (~3.4-fold, rAAV-P6/I) could be observed after IR irradiation as shown in Figure 9D . With this vector system, rAAV-P6/I AP-1m containing mutation at the AP-1 site gave rise to significantly decreased fold induction compared to the rAAV-P6/I construct ( Figure 9E ). Taken together, these results indicate that the AP-1 recognition site plays a significant role in the p53-dependent transcriptional activation of the GADD45A gene by IR.
When EMSA was performed with a DNA probe containing the AP-1 recognition sequence and nuclear extracts from MCF-7 cells, DNA-protein complexes were created. And these DNA-protein complexes disappeared when an anti-JunD antibody was added in the DNAprotein mixture. This result indicated the presence of JunD in the DNA-protein complexes. When ChIP assay was carried out (Figure 10A ), the binding of p53 and JunD to the third intron of the GADD45A g e n e w a s c o n f i r m e d . H o w e v e r t h e y w e r e d e t e c t e d e v e n i n unirradiated cells. While the affinity of p53 to its site in the intron 3 was enhanced in X-rayirradiated cells (Figure 10C ), the bining of JunD to its recognition site was not increased in the X-ray irradiated cells ( Figures. 10B and 10C ). The binding of phospho-p53 (Ser20) to the p53 site was detected only in X-ray-irradiated cells ( Figure 10C ). These results indicated that JunD constitutively binds to the third intron of the GADD45A gene even in unstressed cells in vivo. JunD is considered to play an important role both in basal expression of the GADD45A gene and in transcriptional enhancement after IR irradiation via binding to the AP-1 site in the third intron. 
Regulation CDKN1A gene
Regulation of CDKN1A gene after exposure to IR occurs in transcription level as shown by a nuclear run-on analysis (Figure 11 ). While the induction kinetics of CDKN1A is similar to that of GADD45A, the fold-increase of CDKN1A is much higher, and is thought to be one of the most responsive genes to IR. The functional DNA region involved in the p53-mediated IR response was investigated by reporter gene analysis using AAV vectors, which can give rise to remarkably high responsiveness to IR as shown in Figure 12A . A series of reporter gene constructs with or without deletions in the 5 flanking region of the CDKN1A gene was prepared as shown in Figure 12B , and were transduced into MCF-7 cells. The p53 recognition site at -2.2 kb was preserved in every construct. It can be seen, in Figure 12C , that the fold induction of luciferase activity increased linearly with radiation dose for every constructs. However, IR responsiveness of the constructs rAAV-del2, rAAV-del4 and rAAV-del5 was much reduced compared to that of rAAV-PLS which contains an intact 5 flanking region of the CDKN1A gene, suggesting the presence of pivotal DNA elements for IR responsiveness in the regions -1962 bp/-1679 bp (rAAV-del2), -1398 bp/-1119 bp (rAAV-del4), and -1118 bp/-839 bp (rAAV-del5). The potential recognition sequences for TFs were searched in these regions, and Oct-1 recognition sequences were found at -1.8 kb and -1.1 kb. It was interesting to note that Oct-1 is the TF involved in regulation of IR-responsive genes GADD45A, Prx1, Notch1, and endothelial lipase, suggesting that Oct-1 may play a role in regulation of variety of IRresponsive genes by cooperating with p53. Then, mutant reporter vectors rAAV-del2/Oct1, rAAV-del4/TP53, and rAAV-del5/Oct1 were constructed in which the Oct-1 site at -1.8 kb, the p53 site at -1.4 kb, and the Oct-1 site at -1.1 kb, respectively, were specifically deleted ( Figure 13A ). Figure 13B shows that the IR responsiveness of these reporter constructs was mostly diminished, indicating that the recognition sequences for these TFs play pivotal roles in the IR response of the CDKN1A gene promoter. EMSA analysis revealed that the DNA probes Oct-1/-1.8kb ( Figure 14A ) and Oct-1/-1.1kb ( Figure 14B ) could form complexes with nuclear proteins as indicated by arrows. These bands were supershifted by addition of anti-Oct-1 antibodies and competed away by addition of an excess amount of unlabeled oligonucleotides containing the Oct-1 consensus sequence. These results demonstrate Oct-1 could bind to its recognition sequences at -1.8 kb and -1.1 kb. However, binding of Oct-1 to these sites was not X ray-dependent. In accordance with the EMSA analysis, constitutive binding of Oct-1 to the sites at -1.8 kb and -1.1 kb was observed by ChIP analysis as shown in Figures 14C and 14E . In contrast, binding of p53 to the site at -1.4 kb was not constitutive but inducible after irradiation ( Figure 14D ). Overall, it was considered that Oct-1 is constitutively bound to the sites at -1.8 kb and -1.1 kb and plays a cooperative role with p53 in induction of the CDKN1A gene promoter in response to IR. 2.0Gy 2.0Gy In vitro DNA binding of Oct-1 to the sites at -1.8 kb (A) and -1.1 kb (B) was analyzed by EMSA. Sequences of the probe and competitor oligonucleotides for Oct-1 are described in the text. Arrows indicate the DNA-protein complex containing Oct-1. Arrowheads indicate the supershifts caused by addition of antiOct-1 antibodies. In vivo chromatin binding of Oct-1 and TP53 was analyzed by ChIP. MCF-7 cells were either not irradiated or irradiated with 2.0 Gy of X-rays. After a period of 1.5 h, the chromatin was immunoprecipitated with anti-Oct-1 antibodies (C and E) or anti-p53 antibodies (D). Normal rabbit IgG was used as a control. Binding of the factors to chromatin was assessed using site-specific PCR. (Reproduced with permission of Elsevier B. V. from Ref 
In vivo studies
Regulated initiation of DNA replication (entry of S-phase) is one of the important cellular responses to IR. When DNA damages are produced by IR, multiple factors involved in cell cycle regulation such as CDKN1A which causes cell cycle arrest at G1/S are modulated. The so-called checkpoint regulation is thought to be necessary for sufficient repair of damaged DNA before DNA replication. However, the checkpoint regulation is absent in some of fully differentiated cells such as those in vivo organs. Thus, the cellular response to IR in vivo is much different from that in cultured cells, and it should have wide variety. In order to understand the difference in transcriptional responses to IR between tissues of mammals and also to reveal the underlying mechanisms for those differences, a microarray analysis of the global gene expression profile is a promising approach. There have been lots of in vitro studies investigating gene expression modulation after exposure to IR, where evident modulation of genes associated with DNA repair, stress response, cell cycle and apoptosis and the pivotal role played by p53 have been elucidated. However, few studies investigated the in vivo modulation of gene expression profiles after exposure to IR and its underlying mechanisms. Especially importance of studies with low dose and low dose-rate IR which people may encounter in social life should be emphasized.
5.1
Modulation of gene expression in the kidneys and testes of mice after exposure to IR C57BL/6J mice were continuously irradiated with -rays for 485 days at the dose-rates in the range of 0.032 -13 μGy/min. The lowest dose rates were only about 10 times higher than the normal background level. Gene expression profiles in the kidney and testis from irradiated and unirradiated mice were analyzed, and differentially expressed genes were identified after the standard procedure of quality control of the data. By hierarchical cluster analysis of differentially expressed genes (Figure 15) , it was suggested that expression of the Fig. 15 . Hierarchical cluster analysis of genes whose expression was modulated after irradiation with a statistical significance in the kidney. A: Expression levels of 621 of significantly modulated genes are indicated by color. Green, yellow, and red colors represent low, medium, and high expression, respectively. On the basis of the expression pattern, genes were classified into 16 clusters. B: Expression profiles of genes in each of the 16 clusters are collectively shown. C: Gene Ontology categories significantly overlapped with the gene clusters are shown. No Gene Ontology categories significantly similar to the clusters other than C1, C10 and C13 were found. (Reproduced with permission of the Japanese Radiation Research Society from Ref genes involved in mitochondrial oxidative phosphorylation was elevated in the kidney after irradiation at the dose-rates of 0.65 μGy/min (the level of dose rate comparable to that in the spaceshuttle) and 13 μGy/min. A particular mitochondrial response may have occurred after low dose rate irradiation. It was reported that several cell cycle-related genes are upregulated in the kidney after acute whole-body irradiation with 10 Gy of -rays (Zhao et al., 2006) . However, we did not observe such gene modulation after irradiation at 13μGy/min We did not either extract clusters of significantly modulated genes that overlapped with the Gene Ontology category "cell cycle" ( Figure 15C ). These results suggested that modulation of the cell cycle-related genes in vivo following exposure to radiation may have a dose-rate threshold. It was also demonstrated that alteration of the gene expression profile in the testis was largely different from that in the kidney. Gene Ontology categories "DNA metabolism", "response to DNA damage" and "DNA replication" were significantly overlapped to upregulated genes in the testis in a dose rate-dependent manner (Figure 16 ). These results provide fundamental insight into the organ-specific responses to IR. 
Transcription factors
By use of microarray data, it is possible to pick up TFs whose recognition sequences are preferentially identified in the promoter of genes modulated by IR. These TFs are suggested e Evi-1 recognition sequence, AGAYAAGATAA Table 1 . Statistical analysis of difference in the proportion of genes containing recognition sequences for TFs between unchanged, up-regulated and down-regulated gene groups. Boxes of yellow and red indicate that the difference in populationproportion is significant with p < 0.05 and p < 0.01, respectively. (Reproduced with permission of the Japanese Radiation Research Society from Ref (Vares et al., 2011)) to be functionally involved in gene modulations. Then, nucleotide sequences in the neighboring region of the up-regulated, down-regulated, and unaffected genes were retrieved from the Entrez Gene database, and recognition sequences for TFs were searched on the database using the TFSEARCH. As a result, 21 potential TF-binding sites with significantly different incidence between the three gene groups (up-regulated, downregulated and unaffected gene groups) could be identified (Table 1) . The binding sites for sterol regulatory element-binding protein 1 (SREBP-1), aryl hydrocarbon receptor (AhR/Ar) and olfactory 1 (Olf-1) were suggested to be involved in up-regulation, while the binding sites for glucocorticoid receptor (GR) and hepatocyte nuclear factor 1 (HNF-1) were suggested to be involved in down-regulation of the genes. In addition, the binding sites for activating enhancer-binding protein 4 (AP-4), nuclear factorkappaB (NFκB), and early growth response 3 (Egr-3) were correlated with modulation of gene expression regardless of the direction of modulation. Among them, GR and/or SREBP-1 are interesting TFs in association with the recent findings of a trend of elevated body weight in irradiated mice. GR is known to be associated to the metabolic syndrome. Similarly, SREBP-1 is also involved in metabolic process by mediating the final regulatory step in LDL metabolism. Alteration of TF activity of GR and/or SREBP-1 as well as the related signaling pathways after exposure to IR may be the underlying mechanisms for this metabolic process.
Conclusion
Studies of modulated gene expression after exposure to IR have historically played an important role in elucidating the molecular mechanisms underlying cellular IR response. Especially finding of transcriptional network derived from p53 made a deep impact on understanding of biological defence system as well as development of radiation hazards such as radiation carcinogenesis. Recent technologies enable us simultaneously monitor modulation of gene expression across essentially the entire genome. It was revealed that so many TFs are involved in gene regulation in vivo that gene expression is finely modulated depending on tissues. However no single consistent picture of IR response has not been obtained because variety of experimental models, experimental conditions and data analyses have been employed. As a future perspective in this research area, carefully worked out methods for data analysis, data mining and construction of signalling network are strongly need. In addition, protein researches, especially a comprehensive analysis of protein expression, modification, sub-cellular localization is required, because these data cannot be obtained from the researches on transcriptional regulation.
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